Background: Rotavirus remains a major cause of diarrhea among children under 5 years of age. The efficacy of RotaSIIL, a pentavalent rotavirus vaccine, was shown in an event-driven trial in Niger. We describe the two-year safety follow-up of this trial. Methods: Follow-up of safety outcomes began upon administration of the first dose of RotaSIIL or placebo. Adverse events were followed until 28 days after the third dose, and serious adverse events were followed until 2 years of age. Suspected cases of intussusception were evaluated at first point of contact and then referred to hospital for surgical evaluation. Causes of death were obtained by chart review and verbal autopsy. Passive surveillance was carried out in health centers. Community health workers carried out active surveillance in villages. Between-group differences were evaluated using the chi-squared test and Fisher's exact test. Results: A total of 4092 children were randomized, and 4086 received at least one dose of RotaSIIL or placebo, constituting the intention-to-treat population, who accrued a total of 7385 child-years of follow-up time. At two years of follow-up, 58 (2.8%) participants who received RotaSIIL and 49 (2.4%) participants who received placebo had died (p = 0.38). Most deaths were due to infectious causes common to the study area. One participant had confirmed intussusception, 542 days after receiving the third dose of RotaSIIL. A total of 395 (19.3%) participants receiving RotaSIIL and 419 (20.5%) participants receiving placebo experienced any serious adverse event (p = 0.36). Most serious adverse events were hospitalizations due to infection (malaria, lower respiratory tract infection and gastroenteritis) or marasmus. Overall, 1474 (72.1%) participants receiving RotaSIIL and 1456 (71.1%) participants receiving placebo had at least one adverse event (p = 0.49) in the follow-up period. Conclusions: At two years of follow-up, RotaSIIL was found to be safe.
Introduction
Rotavirus is the leading cause of severe gastroenteritis in children and is responsible for an estimated 450,000 deaths per year in children <5 years of age, most of which occur in lowincome countries [1] . In Niger, health facility-based surveillance showed that rotavirus was found in 30% of children aged <5 years with diarrhea, and that 96% of those who were positive were aged <18 months [2] .
There are several rotavirus vaccines, of which three are currently pre-qualified by the World Health Organization (WHO) (RotaTeq Ò , Rotarix gastroenteritis following vaccine roll-out is substantial. In Europe, routine rotavirus vaccination was shown to be highly effective on an individual level, and reduced rotavirus-related hospitalizations by 65-84% [3] . Studies from low-income countries have shown reductions in all-cause gastroenteritis hospitalizations and rotavirus-related hospitalizations after vaccine introduction [4, 5] , as well as favorable cost-effectiveness, with costs per case averted ranging between US$27-38 [6] . However, there are several challenges in the introduction of rotavirus vaccination in low-income countries including cost, availability, cold chain requirements and concerns about safety, primarily the risk of intussusception.
In high-income countries, post-licensure monitoring of RotaTeq Ò and Rotarix Ò has shown an increased risk of intussusception in the 10 days following the first dose vaccine, although the absolute risks are low [7, 8] . The WHO Global Advisory Committee on Vaccine Safety has stated that the benefits of rotavirus vaccination far outweigh the risks, while noting that epidemiological differences warrant continued follow-up as the vaccines are rolled-out in other parts of the world [9] . New rotavirus vaccines have recently been tested and licensed by national regulatory authorities, including RotaSIIL, a live attenuated bovine-human [UK] reassortant oral vaccine against rotavirus serotypes G1, G2 G3, G4 and G9, that is stored in a lyophilized form that is thermostable at 40°C for 18 months [10] . In a randomized, double-blind, placebo-controlled trial of RotaSIIL in Niger, efficacy against severe rotavirus gastroenteritis (SRVGE) was 66.7% (95% confidence interval [CI], 49.9-77.9) and 69.1% (95% CI 55.0-78.7) in the per-protocol and intention-to-treat analyses, respectively [11] . The trial was event-driven and the primary analysis was triggered after 117 cases of SRVGE were confirmed. When this number of cases had been met, the intention-to-treat population of the trial had not fully accrued the two-year followup time. On October 17, 2017, the last study participant of the intention-to-treat population was two years old, marking the end of the two-year safety follow-up of this group. Here, we report the safety of RotaSIIL as part of the efficacy trial in Niger.
Materials and methods

Study site
Madarounfa District is a predominantly rural area located in south-central Niger along the border with Nigeria. The population relies primarily on subsistence agriculture. The under-5 mortality rate in 2016 in Niger was 91 per 1000 live births, the infant mortality rate was 51 per 1000 live births, and the fertility rate was 7.3 births per woman [12] . As with many Sahelian countries, after the neonatal period, the major causes of morbidity and mortality are largely infectious (principally malaria, diarrhea, lower respiratory tract infections, and meningitis) or related to severe acute malnutrition [13] .
Enrolment procedures and outcome definitions
Full trial methods have been published previously [11] . In brief, children were randomized to receive RotaSIIL or placebo at 6, 10 and 14 weeks of age, and were actively and passively followed for gastroenteritis and all other health problems for two years, both in the community and also in health facilities including 5 health centers, their associated health posts, and the district hospital. Stool samples taken within seven days of a reported gastroenteritis episode were tested for rotavirus antigen, in duplicate, using an EIA kit (PremierTM Rotaclone Ò , Meridian Bioscience, Inc., Cincinnati OH, USA) at the Epicentre Maradi laboratory. The primary outcome of the trial was efficacy against SRVGE.
The trial was conducted in accordance with Good Clinical Practice guidelines, and the protocol was approved by the ethics committee of the World Health Organization (WHO), the Western Institutional Review Board in Olympia, Washington, the Comité Consultatif National d'Ethique of Niger; the Comité de Protection des Personnes of Saint-Germain-en-Laye, France; and the Hôpitaux Universitaires de Genève in Switzerland. An independent data and safety monitoring board (DSMB) reviewed outcomes and safety data. The first review occurred after 1000 children had completed 28 days of follow-up after their third dose of RotaSIIL or placebo, and then at 6-month intervals thereafter. An independent adjudication committee reviewed clinical data and imaging of suspected cases of intussusception.
An adverse event (AE) was defined as any untoward medical occurrence in a participant that did not necessarily have a causal relationship with the vaccine or placebo. All adverse events were monitored in home-based and facility-based surveillance, as described below, and judged for severity.
Serious adverse events (SAE), including intussusception, were defined as any untoward medical occurrence that at any dose of study product resulted in death, was life threatening, required inpatient hospitalization or prolongation of existing hospitalization, or resulted in persistent or significant disability or incapacity [14] , or any medically important event or reaction that may have jeopardized the subject and may have required medical or surgical intervention to prevent one of the outcomes listed above [15, 16] .
The clinical case definition of intussusception was based on level of diagnostic certainty (definite, probable, or possible) [17] , and all suspected cases were followed by the site principal investigator and medical monitor following WHO guidance [18] . Suspected cases were graded as Level 1, 2 or 3 according to the certainty of the diagnosis and the Brighton Collaboration clinical case definition. A case was considered a potential rotavirus vaccine-related intussusception case if RotaSIIL was received prior to the episode of intussusception. Cases for which there was insufficient information to establish the diagnosis according to the Brighton Collaboration clinical case definition would have been classified as unconfirmed and analyzed accordingly with other SAEs, but there were no cases to which this scenario applied.
Surveillance
Monitoring of safety endpoints began at the time of administration of RotaSIIL or placebo, when all participants were observed for 30 min after each dose, at which point vital signs were measured and a targeted physical exam was performed if indicated. AEs were assessed from the time of the administration of the first dose until 28 days after the third dose. SAEs were assessed from the time of the administration of the first dose until 2 years of age. Immediate adverse events were defined as any adverse event occurring within 30 min of receiving a dose of RotaSIIL or placebo. Surveillance was both active and passive, and occurred in health facilities and at participants' homes.
At enrolment, caregivers of study participants were informed of the signs and symptoms of AEs and SAEs, including intussusception (including bloody stools, continuous vomiting, abdominal distention and/or abdominal ''lumps"), and were advised to present to their community health worker or the nearest health facility for any health concern.
Scheduled study visits occurred in health centers with each dose of study product, and then at 6, 9, 12, 18 and 24 months of age. During these visits, staff conducted a detailed history and physical exam, and appropriate medical care was provided free of charge. For any episode of gastroenteritis or AE that necessitated outpatient care, a nursing assistant performed daily home-based follow-up visits until the resolution of the episode. For any event necessitating hospitalization, the participant was immediately transferred to the district hospital and home-based follow-up was arranged post-discharge until full resolution.
Community health workers also carried out weekly scheduled study visits at the homes of participants. During these visits, caregivers were asked to detail all medical signs and symptoms that were a concern at that time, and any symptoms since the previous week's home visit. If the symptoms met the definition of AE or SAE, appropriate documentation occurred during these home visits, and children needing further medical evaluation were referred to health centers.
For children who died in a health facility, study staff transcribed events before and at the time of death from hospital records to establish the cause of death. Standard verbal autopsy forms [19] were then completed during interviews with the deceased participant's caregiver to further describe the clinical state and treatment received prior to death. For children who died outside of a health facility, only the verbal autopsy form was used to establish the cause of death.
Intussusception
Children in whom intussusception was suspected during scheduled or unscheduled home or facility-based visits were immediately referred to the Maradi Regional Reference Hospital. The oncall surgeon carried out a clinical assessment, including a physical and ultrasound examination, and surgical intervention when necessary. Complicated cases were referred to the Zinder National Hospital. Study staff followed all suspected cases throughout hospitalization, and at home after discharge from hospital until complete resolution of all symptoms. All participants with suspected intussusception had ultrasound images and intraoperative photographs taken for adjudication by an independent intussusception evaluation committee.
Treatment, causality and classification
Throughout the study, at all scheduled and unscheduled visits, study staff provided evaluation and treatment free of charge.
All AEs and SAEs were assessed for a causal relationship with the study product by the Site Principal Investigator and the Medical Monitor using appropriate medical judgment and considering all relevant factors including the pattern of reaction, temporal relationship, re-challenge, biological plausibility, and confounding factors such as concomitant medication, concomitant disease and relevant history. The event was judged related when there was a reasonable possibility that the study product contributed to the event and unrelated when administration of the study product was not suspected to have contributed to the event [20] . All immediate adverse events were considered related to vaccination.
All AEs and SAEs were coded using the Medical Dictionary for Regulatory Authorities (MedDRA), version 20.0.
Statistical analysis
Safety analyses were performed in the intention-to-treat population and included follow-up from the time of enrolment until 28 days after the third dose (for adverse events) or until two years of age or the end of follow-up (for serious adverse events). We used chi-squared and Fisher's exact (when fewer than five events occurred per diagnosis) tests to analyze the between-group difference in the number of participants experiencing at least one adverse event and at least one serious adverse event. Each participant was considered once per System Organ Class and once per Preferred Term.
Results
A total of 4092 children were randomized, and 4086 received at least one dose of RotaSIIL or placebo, constituting the intention-totreat population, who accrued a total of 7385 child-years of follow-up time, including 3680 in the RotaSIIL group and 3705 in the placebo group (Fig. 1). 
Deaths
A total of 107 deaths occurred during the two-year follow-up period, 58 among participants who received RotaSIIL, and 49 among participants who received placebo (p = 0.38). The majority of deaths among all participants were due to infectious causes, with malaria, gastroenteritis and lower respiratory tract infections as the most frequent causes of death. There were no betweengroup differences for any cause of death (Table 1) .
Intussusception
Over two years of follow-up, a total of six participants presented with signs and symptoms consistent with intussusception and warranting a transfer to the Maradi Regional Reference Hospital for further evaluation. Only one participant had definite intussusception, a 21-month old boy who received his third dose of RotaSIIL 542 prior days to the onset of symptoms. Surgical resection and anastomosis was performed and the child fully recovered. Of the 5 suspected cases that were eventually ruled out (2 had received placebo, 3 RotaSIIL), all had complete recovery, and their final diagnoses were gastroenteritis with lower respiratory tract infection (LRTI), malaria with LRTI (two participants), marasmus with gastroenteritis, and gastroenteritis.
Serious adverse events
A total of 1445 SAEs were notified during the full length of follow-up (Table 2) , including the 107 deaths and the confirmed case of intussusception described above. The remaining 1337 SAEs were related to hospitalization. Overall, the SAEs occurred in 814 participants, 395 (19.3%) who had received RotaSIIL and 419 (20.5%) who had received placebo (p = 0.36). The most common causes of SAEs were malaria, lower respiratory tract infections, gastroenteritis, and marasmus. More participants who received placebo had at least one SAE due to lower respiratory tract infection compared to participants who received RotaSIIL (8.8% vs 6.9%, p = 0.02), but there were no other significant betweengroup differences. No SAE were judged related to RotaSIIL or placebo.
Adverse events
A total of 8515 AEs were reported between the first dose of RotaSIIL or placebo and 28 days following the third dose, 4267 (50.1%) in participants who received RotaSIIL and 4248 (49.9%) in participants who received placebo. Overall, 1474 (72.1%) participants receiving RotaSIIL and 1456 (71.1%) participants receiving placebo had at least one AE (p = 0.49) in the follow-up period. The most commonly-reported AEs included cough, pyrexia, conjunctivitis and rhinorrhea. No between-group differences were seen (Table 3) .
Immediate adverse events
Four immediate adverse events were reported among children within 30 min of receiving a dose of study product, including three cases of fever (two in RotaSIIL group, one in placebo) and one of vomiting (RotaSIIL group). Further vaccinations were withheld for the three children whose immediate adverse events occurred after receiving the first or second dose of study product. All four immediate adverse events were judged to be of mild or moderate severity, and all resolved within 5 days. 
Discussion
After two years of follow-up among the primary analysis population, we found that children who received RotaSIIL had similar safety outcomes to children who received placebo. One of the striking results of this trial is the low rate of early childhood mortality among the study participants. Despite improvements in recent years, infant and child mortality remain high in Niger, with highest risk among infants, and a majority of deaths occurring due to infectious diseases [21] . In 2016, the under-5 mortality rate in Niger was estimated at 91 per 1000 live births and the infant mortality at 51 per 1000 live births [12] , while in this trial, the overall mortality rate was 2.6%, and did not differ between groups. Even though participants in this trial were followed until only two years of age, this period corresponds to the highest mortality rates, and the mortality seen in this study was much lower than would be expected in rural Niger. Weekly home-based follow-up of participants means that this low rate is not likely to be due to underreporting or loss to follow-up, but is more likely to be due to the provision of comprehensive and free health care, particularly following any AE or SAE.
The rarity of intussusception makes it difficult to evaluate its potential association with rotavirus vaccination, even in large trials [22] . In this study, there is no indication of an increased risk of intussusception following vaccination with RotaSIIL. In comparison to the one confirmed case of intussusception in this trial, another trial of the same vaccine in India detected 13 cases of intussusception (6/3749 or 0.2% of children who had received RotaSIIL and 7/3751 or 0.2% of children who had received placebo) [23] . Other rotavirus vaccine trials in Africa have also detected few, if any, cases of intussusception [24, 25] . The reason for this difference is not known but may be due to an environmental or other factor. Reliable estimates on the incidence of intussusception in Niger are not available, but over a two-year period beginning in January 2016, the Maradi Regional Hospital recorded 22 cases of intussusception among children under 5 years of age. It is the main hospital for a city of 300,000 persons and the reference hospital for a region with a total population of 3.1 million. The diagnosis of only one case of intussusception among the 4091 trial participants is therefore in line with the overall rarity of the condition in this region.
The majority of SAEs were hospitalizations, and the indications for admission were consistent with the main pathologies affecting young children in the rural Sahel: malaria, gastroenteritis, malnutrition and lower respiratory tract infections [13] . We note that hospitalization for lower respiratory tract infection was more common among children in the placebo group, but this finding has no obvious explanation, neither in terms of a biological mechanism nor in terms of any reporting bias, and is therefore most likely due to chance alone. The vulnerability of the children participating in this trial is underscored by the fact that nearly 20% of study participants needed hospitalization for any cause over the two-year follow-up period, which is higher than reported in other rotavirus vaccine trials in Africa. This gives further evidence of the need of affordable and accessible vaccines against rotavirus, and also of other vaccine-preventable conditions like invasive pneumococcal disease. Similarly, AEs were extremely prevalent, with over two-thirds of study participants experiencing at least one AE up to 28 days post Dose 3. Most AEs were mild, consistent with minor complaints common in the early infant period in this area, including cough, rhinorrhea and conjunctivitis, and were largely self-limited.
Our analysis has certain limitations, one of which is the complexity of accurate diagnosis in a low-resource environment where overlapping clinical features and concurrent pathologies can make definitive classification of safety endpoints challenging. For example, a commonly-encountered case is a child hospitalized with severe acute malnutrition, fever with a positive malaria rapid diagnostic test, and focal consolidation on pulmonary auscultation with productive cough and tachypnea. All three might be considered as the cause of hospitalization and hence as individual SAEs, but if the child died, judgment was made on the most likely primary cause of death; we acknowledge uncertainty in such cases.
Conclusion
RotaSIIL was previously shown to be effective against SRVGE. Data regarding safety after two years of follow-up are now available and confirm that the vaccine is safe when compared to placebo. All-cause mortality in children participating in the trial, both in the RotaSIIL and placebo groups, was much lower than the overall mortality rate in the region and no between-group difference was found. A single case of confirmed intussusception occurred nearly two years after vaccination with RotaSIIL, and was judged to be unrelated to the vaccine. SAEs and AEs reported in the trial population reflected the main pathologies affecting this overall population of rural Niger, and there were no differences between study groups. Immediate adverse events were rare and of mild severity. RotaSIIL is therefore safe and effective.
